CO2 exchange was measured using eddy covariance technique during 2001, 2002, and 2003 in a humid temperate C3/C4 co-occurring grassland in Japan. The interannual variability in cloudiness of Asian monsoon will be an important forcing in CO2 exchange. Early summer and autumn is a period with continuous rainy and cloudy days peculiar to the Asian monsoon region. , and contributed to negative net ecosystem CO2 exchange. The annual variations of gross primary production and net ecosystem exchange were sensitive to that of photosynthetic photon flux density.
Introduction
Eddy covariance measurement enables us to measure turbulent fluxes of heat, water vapor, and CO2 over a wide range of time scales from an hour to years. It provides useful information for understanding how various ecosystems respond to climatic variations. Most recent long-term CO2 flux studies have focused on forests; few have examined grasslands (Meyers 2001; Suyker et al. 2003; Xu and Baldocchi 2004) . Grasslands are among the most widespread vegetation types, and studying them is important for understanding carbon dynamics on a global and a regional basis. A flux monitoring network called AsiaFlux was established in 2000. Even though temperate grasslands cover some 16% of monsoon Asia (defined as the region between latitudes 40°N and 10°S, and longitudes 60°E and 180°E (Oikawa and Ito 2001) ), the information on grassland ecosystems in monsoon Asia are insufficient. A key issue is the sensitivity of carbon budgets in grasslands to climatic conditions and major episodic weather events, which may accompany climate change. The study area is in a climate zone characterized by an Asian monsoon. Early summer and autumn is a period with continuous rainy and overcast days in monsoon Asia. One of the most characteristic phenomena is the baiu that stretches for many thousands of kilometers and affects eastern Asia (e.g., Ninomiya and Akiyama 1992; Tanaka 1992) . The baiu precipitation zone appears in central Japan in late May, then migrates northward, and disappears in midJuly in an average year. However, rainy seasons have been generally recognized significant annual variation, an intense rainfall rate, and concentration of yearly rainfall (e.g., Lau and Yang 1996; Wang and Ho 2002) . The interannual variability in cloudiness and precipitation will be an important forcing, in addition to temperature and other factors, affecting the terrestrial carbon exchange in monsoon region. There is a need for long-term field measurements to quantify carbon budget in a range of grasslands in monsoon Asia.
In this paper, we focus on the carbon budget during three years in a humid temperate C3/C4 co-occurring grassland. We determined the interannual variations in CO2 exchange in relation to environmental factors, especially the factors affected by annual variations in the Asia monsoon climate. This study indicates estimates and controls of the carbon balance of the grassland.
Materials and methods

Study site
The measurements were carried out in experimental grassland (lat. 36°06'N, long 140°06'E, 27.0 m above sea level) of the Terrestrial Environment Research Center, University of Tsukuba, Japan, from 2001 to 2003. The grassland is circular with a diameter of 160 m. The biomass and leaf area index (LAI) have been estimated every month throughout the growing season since 1993 (Saigusa et al. 1998 ). The results show that C3 species such as Solidago altissima (Compositae) grow in spring and early summer, while C4 species such as Miscanthus sinensis and Imperata cylindrica (Gramineae) predominate during late summer and autumn . Miscanthus-type dominated grassland commonly exists in fragments over areas of central and northern Japan (Naito and Nakagoshi 1995) . The grassland has been managed by mowing once a year in winter when most aboveground parts of the vegetation are dead, at which time all plants were cut to just above the ground surface, and the cuttings were left there.
LAI and biomass
The aboveground biomass was measured by setting 80 quadrats (2 m × 2 m) in the grassland. To determine the vegetative coverage the 80 quadrats were examined every month during growing season. The leaf area index was measured with an automatic area meter (AAM-7, Hayashi Denkoh, Japan). The aboveground biomass was determined at dry weight after oven drying.
Micrometeorological measurements
To ensure adequate flux source area for meteorological measurements in the direction of the prevailing wind, micrometeorological data were collected 60 m NNE of the center. The list of observation instruments and installation heights were shown in Table 1 The data from those sensors were sampled at a frequency of 10 Hz on a data logger (CR23X, Campbell Scientific, USA). The anemometer and IRGA provide digital out put of the fluctuations in vertical wind speed (w') and either CO2 density (c'), or water vapor density (q'). These covariance values were then calculated and logged every 15 min. The WPL density correction was then applied to fluxes of CO2 and water vapor (Webb et al. 1980) . Although the covariance from the two sensors were not identical, there was a linear regression with large R 2 ( slope = 1.01 intercept = 0.05, R 2 = 0.86). Since the difference values between E009B and LI 6400 were very small, we decided that dataset could be used for the flux calculation with non-inter calibration. Following the sign conversions for CO2 exchange, these terms are defined such that negative values represent uptake into the ecosystem (downward flux), and positive value represent release from the ecosystem (upward flux).
Data selection
To minimize the effect of poor turbulent mixing in our measurements of nighttime NEE, we restricted the analysis to data measured when u* was greater than 0.15 m s 1 . The flux source area was not uniform around the direction of the wind. An estimate of the flux source area was made using a two-dimensional analytic solution of the diffusion equation proposed by Schuepp et al. (1990) . We restricted the analysis to data when estimated source area was more than 80%. Calibration and maintenance caused data to be missed. In addition, during rain, the data set often included too much noise for the fluxes to be calculated. Therefore, the estimation of annual sums of NEE might be highly dependent on the gap filling procedure (detailed in Appendix).
Results and discussion
Interannual variations of environmental conditions
The . The annual mean air temperature and annual rainfall had low sensitivity to the length of the baiu season.
Interannual variations of plants
The seasonal patterns of aboveground vegetation cover were similar among years. The LAI during growing period ranged from 1.7 to 1.9, and increased more than twice that during peak period each year. 
Interannual variations of GPP and RE
The values of GPP and RE during peak period were larger than that during growing period each year (Table  4 ). The increase in vegetation cover enhanced the efficiency of PPFD to CO2 uptake by the photosynthesis, and enhanced the sensitivity of CO2 release by the ecosystem respiration to air temperature. (Table 4 ). The lower radiation decreased carbon uptake in 2001 and 2003.
Interannual variation of NEE
The NEE, the sum of GPP and RE, was larger than 100 gC m 2 during growing period each year, and changed rapidly from a net sink to a net source of CO2 during peak period in 2001 and 2003 (Table 4 ). The NEE in 2002 was 99 gC m 2 due to large PPFD during peak period. This large NEE contributed to a negative annual NEE ( 78 gC m 2 ) in 2002. These results suggest that this grassland behaved as a weak CO2 sink in average length of the baiu in 2002, and a near carbon neutral in the less PPFD due to as cloudy summer-autumn in 2001 and long term of the baiu season in 2003. Gu et al. (2002) indicated different efficiencies of canopy photosynthesis to diffuse and direct radiation, and more detailed works is necessary to resolve this difference.
Annual GPP showed a maximum value in 2002, while LAI and aboveground biomass were maximum in 2003. Many researchers reported the belowground biomass was higher than aboveground biomass in grassland (e.g., Verburg et al. 2004) . High carbon storage of belowground would contribute to discrepancy of interannual variations between aboveground biomass and CO2 exchange.
A humid grassland in Japan
High precipitation under a monsoon climate keeps the soil wet at study site (Li et al. 2005) . We compared the estimation of GPP at our site with those at other sites (Table 5 ). Our GPP was five times of those in alpine meadow in Qinghai-Tibet (Kato et al. 2004 ) and prairie in Little Washita (Meyers 2001) , and double of those in tallgrass prairie in Oklahoma (Suyker et al. 2003) . The dominant functional types in Tsukuba (this study) are C3 and C4 plants, which C3 species dominate from spring the rainy season, followed by C4 species during the hotter summer. This shift of dominant functional types could promote the high production. The GPP was higher than that of deciduous forest site located in similar latitude (Saigusa et al. 2002) and closer to that of tropical rain forest (Malhi et al. 1998) . Thus, humid temperate grassland in Tsukuba has high potential of CO2 uptake due to managing by mowing once a year. The high LAI, on the other hand, suggested a contribution to high belowground biomass in the grassland. The belowground biomass in this site was 2.5 3.7 times higher than aboveground biomass in 2003 (Liu et al. 2004) . High carbon storage of belowground and aboveground would contribute to high RE.
Summary and conclusions
Our results suggest the characteristics of Asian monsoon climate altered the net CO2 exchange in a humid temperate C3/C4 co-occurring grassland. The annual variation of PPFD during and after baiu season dramatically altered the climate forcing and impacted NEE and other flux components.
The 
where a is ecosystem quantum yield (µmol CO2 (mol photon) 1 ), and NEE2000 is NEE at a PPFD of 2000 µmol m 2 s 1 . RE was extrapolated from an exponential regression between measured RE and air temperature (e.g., Goulden et al. 1996) : ,
where A and B is constants. RE was estimated for at 4 windows, 3 growing windows (from April to May, June to July and August to September) and the senescence season (from January to March and October to December), each year.
